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The goal of this project was to theoretically and numerically

characterize the waves generated beneath the solar convection

zone by penetrative overshoot. 3D model simulations were designed
to isolate the effects of rotation and shear. In order to

overcome the numerically imposed limitations of finite Reynolds

numbers (Re) below solar values, series of simulations were

designed to elucidate the Reynolds-number dependence (hoped to

exhibit mathematically simple scaling on Re) so that one could

cautiously extrapolate to solar values.

We modified our parallel Chebyshev spectral solver to force

individual and small numbers of cold plumes at the top of our

numerical domain. We monitored the descent of individual plumes

as they penetrated the underlying stable layer and generated

gravity waves therein.

Analysis of the wave fields revealed the influence of lower

boundary effects that rapidly dominated the numerical solutions.

Further investigation demonstrated that the wave-radiative lower

boundaries previously used by us and others (Klemp & Durran, 1983)

when exploring convection-zone dynamics were unsatisfactory for

diagnosing wave dynamics in the stable region. Hence, though the

stable-layer boundary conditions do not adversely impact studies

of the overlying convection-zone, their reflection characteristics

overwhelm and dominate the dynamics in the stable layer below.

To address this difficulty, we examined alternate and complimentary

approaches to the lower boundary condition, including:

1. Klemp and Durran hydrostatic, inviscid gravity-wave radiative

conditions,

2. Klemp & Durran conditions with diffusion,

3. Klemp and Durran conditions with self-consistent high-order

derivatives,

4. Rayleigh damping, and

5. Newton cooling.

All of our attempts with these and combinations of these boundary

conditions produced unsatisfactory results. The most promising

approach from these methods included a combination of 1., 4., and



5.,with deepregionsoverwhichRayleighdampingandNewton
cooling slowlyrampedfrom zeroin the layerinterior to peak
valuesat the lowerdomainboundary.Welearnedwhileembarking
on our investigationthattheapproachwe foundto workbestis
widely usedin atmosphericmeso-scaleandglobal-scalemodeling;
it is oftentermeda"sponge-layer"technique.Despiteits wide
use,ourresultsledusto concludethatthismethodologyis
unsatisfactorybecausea) it requirestoo muchof thenumerical
domain,andb) it doesnotdamplargewavelengthwaves.In fact,
onceanysimulationisrun for longerthana wave-transittime
acrossthelayer,domainresonanceswereobservedinwhichthe
entirestablelayeris preferentiallypopulatedwith thefirst
few eigenmodesof thedomain.

Theseunexpectedresultsrequiredareorganizationof ourproject.
We concentratedourefforts in developingan improvedformulation
of gravity-wavetransmittingboundaryconditionssothatwecould
proceedwith ouroriginalplans(seeproject2ndannualreport).
However,onceinitiatingthis
unplannedeffort,weanticipatedthat if wewereto makeprogress
in improvingourunderstandingof rotatingandshearedpenetrative
convection,wemustundertakea moretheoreticallyinclinedapproach
until thetimewhenourboundary-condition-developmentworkwas
complete.Hence,our focusnecessarilybranchedto twoparallel
coursesof study:1.improvedwave-transmittingboundaryconditions
and2. asymptoticreduced-PDEdescriptionsof rotatingconvection.

1.Improvedwave-transmittingboundaryconditions.

In ourcourseof research,wehavereformulatedall of the
approachesto wave-radiatingboundaryconditionslistedaboveas
scatteringproblemsto testtheir efficacy. We haveanalytically
computedthereflectionandtransmissioncoefficients,andwehave
modifiedourNewton-Raphson-Kanterovich(NRK) solverto integrate
the 1-Dboundary-valueproblemof amonochromaticforcedwaveat
theupperboundaryandaspecifiedlowerboundarycondition.The
analyticreflection/transmissionresultsarevalidatedby the
I-D numericalworkusingNRK. Theresultsdemonstratethateach
of theapproachesenumeratedabovesuffersfrom undesirablewave
reflectionsfrom thelowerboundaryaswell as internalwave
reflectionsfrom thenear-boundarydampingregion. Suchunphysical
reflectionsoccurfor all incidentangles(theKlempandDurran
formulationperformsasintendedfor normal incidenceonly). We
judge thefundamentalproblem
with all of thesemethodsto betheinability to simultaneously
increasethedampingrateandreducetheamplitudeof the



reflectedwave;e.g.,for bothRayleighdampingandNewton
cooling,if oneincreasesthedampingcoefficientfor a smoothly
varyingdampingprofile, increasedwavereflectionsresultfrom
theincreasinggradientin thedampingprofile. Onecanreduce
thegradientonly by increasingthesizeof thenumericaldomain,
devotinganincreasingoverallfractionof thedomainto the
unphysicaldampinglayer. We considerthis to beanunsatisfactory
solutionto theproblem.

With theboundary-condition-formulationproblemrecastasa wave-
scatteringproblem,improvedtechniquesfor removingunwantedwave
reflectionsbecomesclearer.Themethodswehavedevelopedfor
addressinggravity-wavereflectionisan integrationof very recent
developmentsin otherfields,namelyacoustic-andelectromagnetic-
wavepropagationandreflection. Theboundary-conditionmethods
thathaveemergedin recentyearsin thesefields haveacquiredthe
name"PerfectlyMatchedLayers"(or PML's). Severalformulations
exist in the literature.Themostusefulfor ourpurposesinclude
Hasthaven(1999)andAbarbanelet al. (I 999)which examineacoustic
wavesin theEulerequations.Our approachfollowsclosestthe
techniquedescribedin Abarbanelet al. (1999);however,becausethe
probleminvestigatedby Abarbanelet al. is fully parabolic,while
oursincludesanelliptic equationfor thepressure,andfurthermore
becausetheirwork involvesacousticwaveswhile weaddressgravity
waves,significantdifferencesappear.

Themethodwehavedeveloped(guidedby Abarbaneletal, 1999)
involvesidentifyingthewave-dispersionrelationshipdesirednear
the lowerboundary,thenaddingappropriatewave-sourceand-sink
termsto cancel(perfectly)anywavesreflectedfrom theinterface
betweenthedomaininteriorandthenear-boundarydampingzone.The
"desired"near-boundarydispersionrelationin thiscaseinvolves
extremedampingof gravitywavespropagatingin anydirection. By
specifyingwave-sourceand-sinktermsthatexhibitno reflection
from thedampingzone(i.e.,that areperfectlymatchedwith the
layerinterior),wecanspecifyvery largedampingcoefficientsin
thin dampingregionswith virtually no reflectionsexhibited.This
allowsa muchsmallerfractionof thenumericaldomainto beconsumed
by theunphysicaldampinglayer. WhereasNewtoncoolingandRayleigh
dampingmaytypically encompassasmuchashalf ormoreof the
numericaldomain,with our approachtheunphysicalPML is confinedto
lessthanroughly10grid pointsneartheboundary.We have
demonstratedthiswith our 1-DNRK boundary-valueintegration
code,andwearecurrentlyimplementingthetechniquein our3D
ChebyshevspectralBoussinesqsolver. Two manuscriptsarecurrently
in preparation.



Wewould like to stressthatasthestably-stratifiedlower
tachoclineencompassesgravity,Alfven, andinertialwaves,the
boundary-conditionmethodologywehavedevelopedoffersnew
opportunitiesfor detaileddynamicalstudiesthatwerepreviously
notpossible.

2. ReducedDescriptionsof rotatingconvection

As indicatedin our first yearreportour researchplanwasmodified
slightly basedonourderivationof anewclassof reducedequations
in the limit of rapidrotation.This limit is currentlyin the
computationallyprohibitivedomainfor currentDNSsimulations.
Theseequationsthusprovideanasymptoticallyvalid descriptionfor
bulk motionsof rapidly rotatingflows,andin somesenserepresents
theconvectiveanalogueof shallowwater/QGslowmanifolddescription
for stablelayerflows (ie theyprovideanasymptoticrelaxationaway
from theTaylorProudmanconstraint).However,wenotethat thepresent
theorydescribesanisotropiccoherentstructuresin theform of tall
thin thermalplumes,asopposedto largeaspectratiostructures.

Publicationssupportedby this proposalon thisparticularaspectof
theprojectaregivenbelow;someof the importantresultsfoundinclude

3D simulationsestablishingthatthereducedPDE'sareindeed
aslow manifoldrepresentationin qualitativeagreementwith
computationallyexpensiveLow RossbynumberDNSsimulations,

* extendedapplicabilityandboundsfor Taylor-Proudman
stiffeningin rotationin stronglynon-hydrostaticregimes,

anisotropicdiffusion of motions aligned with and perpendicular to

the rotation axis, with strong asymptotically significant diffusion

occurring in the latter, and

exact single-mode analytic solutions to the reduced PDE's leading

to planform-independent results that communicate the robustness of

dynamics and statistics for general interior bulk flow (away from

boundaries).

These results provide:

1) Establishment of near-boundary Ekman layers that passive couple

the interior to the boundary so that boundary-layer matching can

be rigorously employed, and more importantly omitted from any

fully nonlinear reduced simulations;



2) A foundationfor analyticallydecouplingthedomainsof
boundaryandinterior flowscrucial for thedevelopment
of anyparameterizationschemefor suchflows; andmost
importantly,

3) A potentialbetterunderstandingof thestable/unstablelayer
couplingat thesolartachocline.With this in mindwehave
extendtheslowmanifoldreducedequationsto includemagnetic
fields.

In summaryunanticipateddifficulties with state-of-the-art
treatmentof the lowerboundaryconditionsin stablystratified
simulationsprohibitedimplementationof ouroriginalwork plan.
However,wehavedevelopednewgravity-waveradiativeconditions
whoseperformancefar surpassesthecurrentstateof thefield
by utilizing developmentsin otherfields (e.g,acousticsand
electromagneticwavedynamics)thatoccurredsubsequentto the
initiationof ourNAG5-4918work. We expectthenewmethodwe
havedevelopedwill bewidelyusedby researchersbothwithin
andoutsidetheastrophysicalandsolarcommunities,asopen-
boundarycomputationalmodelingpresentsanumberof applications
requiringnumericallyefficientwave-radiatingconditions.We
areeagerto continueouroriginally proposedstudiesnowthat
wehavedevelopedtherequirednumericaltechniquesto diagnose
uncompromisedwavecharacteristicsgeneratedby overshootdynamics.

Furthermore,thereduced-PDEdescriptionswehavedevelopedfor
rotationallyandmagneticallyconstrainedconvectionserveto
theoreticallyguidefuturemodelingwork in thesefields. We
hopethisongoingwork will makevaluablecontributionsto our
understandingoftachoclinedynamicsandprocesses.

EducationalOutreachSupplement.

Ourprojectincludesaneducationaloutreachsupplementto develop
Internetpagesfor K-12classroomandindependentlearning.The
intentof theeducationalcomponentis to introducestudentsto
solarscientistsandto educatestudentsonhow computersareused
to increaseourunderstandingof solarprocessesandthesolar
interior. Theeducationaloutreachprojectis anon-goingeffort
supportedalsoby NASA contractNASW-99026.

Ourstrategyfor thewebpagesincludesthreeparallelcomponents:
1)basiceducationalinformationonsolar-physics,2) ahistorical
timelineoutliningdiscoveryrelatedto solarphysics,and3) the



rolecomputershaveplayedin aidingdiscovery.Ourgoalsareto
producea fun, interactiveeducationalsite thatencourages
explorationandidentifiescurrentandpastresearchersin solar
physics.Thumbnailphotosof practicingor pastresearcherswill
appearthroughoutthepagessostudentsmayexploreparticular
branchesof solarresearch.Ratherthanuninterestingheadshots
of scientists,weplanfor thephotosto indicateotherinterests
(i.e., onamotorcycle,kicking asoccerball, etc). In thisway
wehopeto offerschoolchildrenexposureto "cool" scientist
role modelssothattheseedsof career-choicecontemplation
maybeplanted.

Thecurrentstageof developmentfor thewebpagesincludesa basic
front-pagedesignresemblingthecockpitview from aspacecraft
named"SolarExplorer". Controlsallow thestudentto navigate
throughthesolarwind, corona,photosphere,convectionzone,
tachocline,radiativeinterior,andcore. Eachpageincludes
informationaboutthesunaswell asbasicphysicsrelevantto
solarprocesses.At presentwe haveaccumulatedinformation
temporarilystoredin individualhtml files. Thecontentof the
pageswill bemodifiedto targeta 12-yearold'svocabularyand
comprehensionandto integratesuccessfullywith therestof the
website. Currentindividualpagesinclude:atom.html,cme.html,
convection_zone.html,core.html,doppler_effect.html,dynamo.html,
eandm.html,eclipse.html,energy.html,farside.html,flare.html,
fusion.html,galileo.html,magnetism.html,mass.html,maunder.html,
neutrino.html,nmsea.html,plasma.html,plasmaj.html,snp_37cl.html,
snp_ray_john.html,solar_observing.html,solar_waves_main.html,
solarcycle.html,source.html,sunspot.html,template.html,
turbulence.html,vibration_modes.html,viscosity.html. Wehope
theindividualnamesprovidesomeinformationaboutthecontent
completedsofar.
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